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We explore the dirative interation of a proton with an anti-proton whih
results in entrally produed dijets. This proess has been reently studied at
the Tevatron. We make preditions within an Ingelman-Shlein approah and
ompare them to the reent data presented by the CDF ollaboration. Earlier
alulations resulted in theoretial ross-setions whih are muh larger than
those observed by CDF. We nd that, after onsideration of hadronisation
eets and the parton shower, and using parton density funtions extrated
from dirative deep inelasti sattering at HERA, it is possible to explain
the CDF data. We need to assume a gap survival probability of around 10%
and this is in good agreement with the value predited by theory. We also nd
that the non-dirative ontribution to the proess is probably signiant in
the kinematial region probed by the Tevatron.
1 Introdution
In this work we study the proess pp¯ → p + JJX + p¯, where JJX denotes a entrally
produed luster of hadrons ontaining at least two jets. The CDF ollaboration at
FNAL has presented data on this proess [1℄. Suh an interation is dirative sine the
olliding hadrons emerge intat with only a small loss of longitudinal momentum. Events
are haraterised by the prodution of two jets in the entral region, separated from the
nal state hadrons by rapidity gaps. Therefore they are also known as gap-jet-gap
events.
Previous alulations of this proess [2, 3℄ have been arried out at the parton level and
have overestimated the total dijet prodution ross-setion by several orders of magni-
tude. In this paper we see that by inluding the eets of hadronisation and by using the
dirative parton density funtions extrated by the H1 ollaboration [4℄, it is possible
to t the data in a natural way. In partiular, we shall show that the large suppres-
sion whih arises from the hadronisation orretions means that we are able to t the
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data with a gap survival probability of around 10% that is onsistent with theoretial
expetations [5, 6℄.
There are two approahes to entral dijet prodution that have been onsidered in the
literature:
1. The fatorised model. In this approah one assumes that fatorisation [7℄ an be
applied to the proess, just as in inlusive hard sattering proesses, modulo an
overall multipliative fator whih has ome to be alled the gap survival prob-
ability [8℄. Following Ingelman and Shlein (IS), one an go further and assume
so-alled Regge Fatorisation [9℄ whih assumes that the proess is driven by
pomeron exhange, as illustrated in Figure 1. Thus one assigns an experimentally
determined parton density and ux fator to the exhanged pomeron [4℄. It is
expeted that this fatorisation will be violated at the Tevatron [2, 7, 10, 11℄ and
the extent to whih the breaking an be aommodated, at some level, by a gap
survival fator is very muh an open question. Central dijet prodution within a
fatorised model has been studied before [3, 2, 12℄.
2. The non-fatorised model. These models have been developed in [10, 13, 14, 15℄.
They are exlusive in the sense that all energy lost by the interating hadrons goes
into the nal state dijets. Therefore we will see no pomeron remnants in the nal
state, as illustrated in Figure 2
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. This feature would manifest itself as a peak in
the distribution showing the fration of the available entre-of-mass energy whih
goes into the jets; a feature whih is absent in the CDF data. However this need
not be the ase for Tevatron Run II whih ought to be a good plae to look for
evidene of a non-fatorised ontribution. Subsequently, we shall not onsider suh
models.
We use the IS approah in this paper and ompare the preditions of the Monte Carlo
event generator, POMWIG [17℄, with the experimental results [1℄.
The experiments were performed at
√
s = 1.8 TeV and dirative events are seleted
by applying uts on the hadroni momentum loss. The details of the experiment are
desribed in [1℄ and the relevant uts are:
• The anti-proton frational energy loss ξp¯ satises 0.035 < ξp¯ < 0.095. Suh a
ondition orresponds to a rapidity gap on the anti-proton side. This ut is made
by tagging the anti-proton.
• The proton frational energy loss ξp satises 0.01 < ξp¯ < 0.03. Suh a ondition
orresponds to a rapidity gap on the proton side. Note that the proton is not
tagged at CDF and the ut is made by looking for a rapidity gap on the proton
side.
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In [15℄ the possibility that there is additional radiation into the nal state from the gluons in g. 2 is
onsidered.
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Figure 1: Dijet prodution in the fatorised model. The zig-zag lines denote the exhanged
pomerons.
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Figure 2: Dijet prodution in the non-fatorised model.
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• |tp¯| < 1 GeV2. |tp¯| is the four-momentum transfer from the anti-proton squared.
• The event must have two or more jets in the pseudo-rapidity region −4.2 < η < 2.4
and at least two jets must have a minimum transverse energy of EminT = 7 GeV or
10 GeV.
The nal state jets were found using the one algorithm with a one radius of 0.7 and
an overlap parameter of 0.5.
2 The Model
With referene to Figure 1, we assign the pomeron a partoni ontent and the dijet
prodution is driven by the perturbative QCD interation of partons from the olliding
pomerons. The prodution ross-setion for this so-alled Double Pomeron Exhange
proess (DPE) an be written
dσ
dijet
DPE
dη3dη4dp
2
⊥
(pp¯→ p+ JJX + p¯) =
∫
dξp
∫
dξp¯FP/p(ξp)FP/p¯(ξp¯)
∑
βpfi/P(βp)βp¯fj/P(βp¯)
dσˆHS
dtˆ
(ij → kl) (1)
where FP/p(ξ) = FP/p(ξ) is the pomeron ux fator, β is the fration of the pomeron
momentum arried by the parton entering the hard sattering and fi/P(β) is the pomeron
parton density funtion for partons of type i. The rapidity of the outgoing partons is
denoted η3 and η4, their transverse momentum is p⊥ and
dσˆHS
dtˆ
(ij → kl) denotes the
QCD 2-to-2 sattering amplitudes. The parton transverse momentum, p⊥ is equal to the
jet transverse energy ET at the parton level.
Note that the dijets are aompanied by pomeron remnants whih we observe in the
nal state alongside the jets and the dirated hadrons. We use the H1 leading order
pomeron ts to F
D(3)
2 measurements [4℄. The measurement of F
D(3)
2 is quark dominated
and gluon sensitivity only enters through saling violations. Hene the gluon density has
quite a large unertainty. This is important for the gluon dominated DPE proess. The
gluon densities of the H1 ts are illustrated in Figure 3. The mean value of β relevant
at the Tevatron is in the region of 0.3 to 0.4. Fit 4 has a gluon ontent that is heavily
suppressed relative to ts 5 and 6, and t 6 is peaked at high β. Fits 5 and 6 are now
the favoured ts to desribe H1 data.
In our analysis we also inlude the eet of non-dirative ontributions through an
additional regge exhange, whih we refer to as the reggeon ontribution. This is ex-
peted to be important in the region of ξp¯ explored at the Tevatron. Following H1, we
estimate reggeon exhange by assuming that the reggeon an be desribed by the pion
parton densities of Owens [16℄. This ontribution is added inoherently to the pomeron
ontribution. For more details of the implementation we refer to [17℄.
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Figure 3: The gluon densities in the Pomeron as tted by H1. The ts are evaluated at
Q2 = 50 GeV 2, the typial sale of the jet transverse energy at CDF, and are
multiplied by the Pomeron ux evaluated at ξp = 0.1.
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Figure 4: The total ross-setion at both parton and hadron level, plotted as a funtion of
the minimum transverse energy of the dijets.
3 Results
3.1 Hadronisation & Parton Shower Eets
Figure 4 demonstrates the agreement between POMWIG and an independent alulation
for the total DPE ross-setion as a funtion of the minimum jet transverse energy EminT .
These urves were produed using H1 t 5 and ontain only the pomeron exhange
ontribution. More interestingly, we see that the urve whih desribes the total ross-
setion after the eets of hadronisation and parton showering have been inluded shows
a signiant redution relative to the naive parton level alulation. This suppression
eet may be understood by observing that the eet is a shift in the ross-setion by
∆ET = 2 GeV. This is a diret onsequene of the broadening of the jet prole by the
parton shower and hadronisation. The redution is lower for the quark dominated t
(H1 t 4) sine quark jets tend to have a narrower prole.
3.2 Total Cross-Setion
Now we turn our attention to the omparison of our theoretial preditions to the mea-
sured total ross-setion. The analysis we perform inludes the proesses where the
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exhanges are either both pomerons or both reggeons. We do not inlude the ase where
one is a reggeon and the other is a pomeron, nor do we inlude interferene ontributions.
Whilst the latter may be small, the former will not be if the pure reggeon ontribution
is not negligible. This limitation arises sine pomeron-reggeon interations are not yet
inluded in POMWIG. The results are presented in Tables 1 and 2 (for the data the rst
error is statistial and the seond is systemati).
Parton Level [nb℄ Hadron Level [nb℄
CDF Result 43.6 ± 4.4 ± 21.6
IP t 4 6 2.7
IP t 5 815 230
IP t 6 1175 339
IR 241 58
IP+IR t 4 247 60.7
IP+IR t 5 1056 288
IP+IR t 6 1416 397
Table 1. The total DPE ross-setions for a jet ut of 7 GeV. The ontributions from
pomeron and reggeon exhange are shown separately.
Parton Level [nb℄ Hadron Level [nb℄
CDF result 3.4 ± 1.0 ± 2.0
t 4 1 0.47
t 5 123 33
t 6 187 66
IR 24 1.7
IP+IR t 4 25 2.17
IP+IR t 5 147 34.7
IP+IR t 6 211 67.7
Table 2. The total DPE ross-setions for a jet ut of 10 GeV. The ontributions from
pomeron and reggeon exhange are shown separately.
Using t 5, the overall ross-setion that we predit for a jet ut of 7 GeV is 288 nb
whih is in exess of the experimental value of 43.6 nb. A similar exess is present with
a ut of 10 GeV. However, we an math our results to the data if we assume an overall
multipliative gap survival probability of around 15%. The large reggeon ontribution
implies a non-negligible pomeron-reggeon ontribution and naively estimating this as
twie the geometri mean of the pomeron-pomeron and reggeon-reggeon ontributions
would push the gap survival fator down to around 10%. Given that the systemati
error on the CDF ross-setions is high, that the unertainty in our knowledge of the
gluon density diretly aets the normalisation of the ross-setion and that the size
of the non-dirative reggeon ontribution is also unertain it is not possible to make
a more preise statement about gap survival. In any ase the value we obtain agrees
well with the expetations of [5, 6℄. It should be appreiated that this agreement of our
estimate of the gap survival probability with other theoretial estimates is only possible
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after the inlusion of hadronisation eets. Both ts 5 and 6 an desribe the data,
although measurements of dirative dijet prodution at HERA suggest that t 5 is
favoured [18℄. Our total ross-setion agrees with that of [19℄. The ratio of the t 5 to
the t 4 ross-setions is of the order of 100, whih we an understand from the dierent
gluon densities illustrated in Figure 3. Note that the relative size of the non-dirative
ontribution ompared to the dirative ontribution is not small.
We an study further the suppression of the total ross-setion, relative to the naive par-
ton level result, by looking at the partiular role of the parton shower phase in POMWIG.
We have performed the total ross-setion alulation for H1 t 5 after parton showering
but before hadronisation. The results are presented in Table 3, for an EminT of 7 GeV.
Parton Level [nb℄ Parton Shower [nb℄ Hadron Level [nb℄
CDF result 43.6 ±4.4 ±21.6
IP 815 421 230
IR 241 144 58
IP+IR 1056 565 288
Table 3. The total DPE ross-setion at the parton shower and hadron levels.
Not surprisingly, the parton shower phase of POMWIG is responsible for a large part of
the suppression relative to the naive parton level predition.
3.3 Event distributions
In Figures 5 and 6 we show distributions in number of events of the mean jet transverse
energy, E∗T , the mean jet rapidity, η
∗
, the azimuthal separation of the jets, ∆φ, and the
dijet mass fration, Rjj :
Rjj =
∑
iEi
ξpξp¯s
≈ βpβp¯. (2)
The sum in the numerator is over all partiles in the dijets. Some of these distributions
have also been examined in [12℄. In Figure 5 we ompare the data to results at the parton
and hadron level, and we show the reggeon ontribution separately
2
. In Figure 6 we show
results at the hadron level for the three dierent H1 pomeron parton density funtions.
We urge aution when omparing the data and theory as is done in Figures 5 and 6 sine
the data are not orreted for detetor eets
3
. The existene of the long tail to low
angles in the ∆φ distribution illustrates the dangers: there is no possibility to produe
suh a long tail in a hadron level Monte Carlo simulation. We have explored the eet
of smearing the momenta of all outgoing hadrons and the qualitative eet is to atten
the E∗T distribution, enhane the ∆φ tail and soften the Rjj distribution. Nevertheless,
we are unable to draw any strong onlusions until the orreted data beome available.
2
All urves exept the reggeon are area normalised to unity. The reggeon is normalised relative to the
total.
3
Primarily beause of the low ET of the CDF jets.
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Figure 5: Comparison of theoretial preditions at the parton and the hadron level. Also
shown is the separate ontribution from the reggeon (normalised relative to the
total).
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Figure 6: Comparison of theoretial preditions for the dierent H1 ts to the pomeron
parton density funtions at the hadron level.
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4 Conlusion
The work of this paper has foused on the so-alled Double Pomeron Exhange proess
reently measured at the Tevatron. We have extended previous alulations by inluding
the eets of parton showering and hadronisation and found that they lead to a suppres-
sion of the ross-setion relative to the naive parton level by a fator of around 4. We also
found that, in the kinemati region probed by the Tevatron, the eet of non-dirative
(reggeon) exhange is probably important. At the present time the issue of gap survival
is not very well understood. However, it is enouraging that we are able to desribe the
data with a gap survival probability of around 10% whih is onsistent with previous
theoretial estimates.
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